The intermediate and deep layers of the superior colliculus (SC) compose a retinotopically organized motor map and are known to be important for the control of saccadic eye movements. However, recent studies have shown that the functions of the SC are not restricted to the motor control of saccades. The pattern of activity observed during multi-saccade movements, combined eye-head movements, and pursuit eye movements argue that activity in the SC indicates the location of the goal, but does not specify the particular movements that will be used to acquire the goal. Prior to the onset of a movement, the SC is involved in representing possible targets, as has been shown by the effects of manipulating target probability and the changes in pre-motor activity found during visual search tasks. A major unresolved issue is how target-related activity in the SC is transformed into the signal that triggers the movement. One possibility is that the levels of activity across the SC motor map correspond to the likelihood of the possible targets, and that the movement decision is based on the neural equivalent of hypothesis testing. In one version of this mechanism, the decision to select a new goal would occur each time the null hypothesis, represented by neurons in the rostral SC, was rejected in favor of an alternative represented elsewhere in the SC.
Introduction
Ounce for ounce, the superior colliculus (SC) is one of the most thoroughly studied structures in the primate brain. Much of this work has focused on the properties of neurons in the intermediate and deep layers of the SC, which have long been known to be important for the control of saccadic eye movements. However, in addition to its role in forming the motor commands for saccades, recent studies have highlighted the more extensive functions of the SC. In this short review, we first consider evidence that the motor map contained within the SC defines the goal of the movement but does not determine the final motor plan. We then briefly summarize some data illustrating that the SC is also involved with representing and evaluating possible targets for movements. Finally, we examine candidate mechanisms for converting target-related activity into a trigger signal for movements, and consider how these mechanisms may be related to models of decisionmaking.
A motor map of goals, rather than movements
Although the SC is commonly thought of as a motor map of saccade endpoints, the locus of activity in the SC is more closely related to the initial location of the target than to the saccade made to acquire the target. This distinction is illustrated by circumstances in which the retinal location of the target does not correspond to the saccade that is made. For example, catch-up saccades made to moving targets must take into account not only the location of the target, but also how this location will shift over time during the latent period as the saccade is being programmed. Neurons in the SC that fire for saccades made to stationary targets also fire for catch-up saccades made to moving targets, but the saccades that elicit the maximal activity are systematically different in the two conditions--for moving targets, the amplitude of the saccade preferred by an SC neuron depends on the direction of target motion (Keller, Gandhi, & Weir, 1996) . Thus, the activity of these neurons appears to represent the initial retinotopic goal of the catch-up saccade, and additional circuits are responsible for ensuring that the saccade lands accurately on the moving target. Similarly, the endpoints of memory-guided saccades exhibit large systematic errors compared to visually guided saccades, and the movement fields of SC neurons again are different for the two types of saccades (Stanford & Sparks, 1994) . In this case, processing outside of the SC is apparently responsible for the systematic errors associated with memory-guided saccades.
Recent experiments with cats have provided a nice demonstration that activity in the SC represents the location of the goal, not the particular saccades required to get there. When shifting their line of sight between two targets, cats typically make a series of smaller saccades in rapid succession rather than a single large saccade. During these gaze shifts, activity in the SC is initially located at the caudal site corresponding to the retinal location of the eccentric target, and then progresses toward more central sites in a single sweep, even though the movement itself is achieved with multiple saccades. As a result, the locus of activity in the SC does not match the amplitudes of the individual saccades used to acquire the target, but instead indicates the remaining distance to the target (Bergeron, Matsuo, & Guitton, 2003) . The complementary pattern holds for neurons in the rostral SC, which represent the central visual field and are typically active during fixation (Munoz, P elisson, & Guitton, 1991; Munoz & Wurtz, 1993) . Neurons in the rostral SC remain inactive during the multi-step movement, even though the movement pauses between each small saccade of the sequence, resuming their tonic activity only as the sequence draws to a close and the target is acquired (Bergeron & Guitton, 2002) . Changes in activity across the SC during the movement may therefore provide a real-time estimate of the retinal location of the goal.
The SC also does not appear to determine whether the saccade will be accomplished with eye movements alone or with a combination of eye and head movements. When the head is immobilized, stimulation of sites in the SC evokes eye saccades with a specific direction and amplitude (Robinson, 1972; Schiller & Stryker, 1972) . However, when the head is free to move, stimulation produces coordinated movements of both the eyes and head (Freedman, Stanford, & Sparks, 1996) . The amplitudes of these combined movements are larger compared to those evoked with the head fixed, because the evoked eye movements are the same whether or not the head is free to move. Consequently, the standard depiction of the SC motor map obtained with the head restrained is distorted, because it systematically underestimates the amplitudes of encoded gaze movements. During combined eye-head saccades, SC neurons exhibit activity that is more closely related to the amplitude and direction of the combined eye-head movement than to either the eye or head component alone (Freedman & Sparks, 1997) . Activity in the SC is therefore related to the direction and amplitude of the overall gaze shift, but does not determine how the movement will be apportioned into separate eye and head components.
The SC also plays some role in the control of smooth pursuit eye movements. Activation and inactivation of the central visual field representation in the rostral SC modifies the metrics of pursuit, indicating that there is some causal link between SC activity and pursuit (Basso, . Many neurons in the rostral SC modulate their firing rates during pursuit eye movements as well as during small saccades, and this activity depends on the location of the stimulus vis-a-vis the location of the neuron's response field (Krauzlis, Basso, & Wurtz, 1997 . This activity is not simply a visual response, because it persists in the absence of a visual target (Krauzlis, 2001) . Activity in the rostral SC is also increased by the early removal of a fixated stimulus in the ''gap paradigm'' ( Fig. 1) , providing a neural correlate for the shared effects on pursuit and saccade latencies observed in this paradigm (Krauzlis, 2003; Krauzlis & Miles, 1996a , 1996b . Based on these results, it has been suggested that the same signals in the rostral SC that are involved in the covert preparation of saccades might also control the gating of inputs for pursuit (Krauzlis, 2003) . Although the exact mechanism is not known, the SC projects to ''omnipause'' neurons (Buttner-Ennever, Horn, Henn, & Cohen, 1999) , which act as the final gatekeepers for saccades. These omnipause neurons have recently been shown to be modulated during pursuit (Missal & Keller, 2002) , suggesting a prominent route by which the rostral SC could regulate the initiation of both pursuit and saccades ( Fig.  1(C) ). This modified view of the SC motor map might have been expected for other reasons. There is only a probabilistic relationship between the retinal location of a target and the orienting movements that should result, because factors other than retinal location are critical for determining the appropriate motor output. For example, the motor decision of whether or not to make a saccade during pursuit is not based solely on retinal position information, but depends on the predicted trajectory of the target (de Brouwer, Yuksel, Blohm, Missal, & Lefevre, 2002) . Because the SC does not appear to process information about the target's trajectory (Keller et al., 1996) , this suggests that the process of target selection in the SC is at least partially decoupled from the process of movement selection. One advantage of this arrangement is that it may allow downstream mechanisms to take advantage of a full complement of sensory and motor information in determining, not only the metrics, but also the type of movement that is best suited to acquire the selected goal.
In summary, a variety of observations indicate that the motor map within the SC is not exclusively involved with controlling saccades but serves a more general function associated with specifying the goal for orienting movements, and that the details of the final motor strategy appear to be sorted out downstream.
Representing target choices
If the SC composes a motor map of goals, it might be expected that prior to the onset of movement, activity in the SC would represent the nascent alternatives. Indeed, several experiments support the idea that the SC plays a role in representing possible targets, distinct from its role in the direct control of movements. Decreasing the probability that a visual stimulus will be the target, by adding a variable number of irrelevant stimuli to the display, decreases the visually-evoked and tonic activity of many SC neurons . These changes are correlated with the latencies of the saccades that follow, but are not related to the amplitude or peak velocity of the saccade. Similar effects are found with a single visual stimulus by varying the probability, between blocks of trials, that the target will appear in the neuron's response field .
During visual search tasks, SC neurons exhibit a preference for the target stimulus well before the movement occurs. In a color-oddity search task using saccades, some SC neurons discriminate the target from the distractor with a delay that is time-locked to stimulus onset, rather than saccade latency, suggesting that they play a role in target selection in addition to saccade preparation (McPeek & Keller, 2002) . In contrast, other neurons discriminate the target with timing that is well correlated with saccade latency, suggesting that they are more directly involved with triggering saccades (McPeek & Keller, 2002) . In a match-to-sample task using pursuit and saccades, many SC neurons again exhibit selectivity for target stimuli, and this selectivity can predict the timing of pursuit as well as saccade choices (Krauzlis & Dill, 2002) . The signal indicating the correct choice emerges over time, forming a tradeoff between speed and accuracy. The observed pursuit and saccade performances fall on different parts of this speed-accuracy curve, providing support for the idea that target selection for pursuit and saccades could be coordinated, but not strictly yoked.
Manipulation of the fixated visual stimulus can also modify target-related activity in the SC. Many neurons in the SC increase their firing rate after the fixation stimulus is extinguished, even if a visual target has not yet appeared in their response field, and these changes are correlated with the latencies of both pursuit (Krauzlis, 2003) and saccades (Dorris, Pare, & Munoz, 1997; Krauzlis, 2003; Sparks, Rohrer, & Zhang, 2000) . Conversely, neurons possessing fixation-related activity in the rostral SC decrease their firing after the offset of the fixation spot (Dorris & Munoz, 1995; Dorris et al., 1997) . These changes in activity indicate a shift in the distribution of activity across the SC in favor of those neurons that are likely to represent the impending target. By changing the baseline activity, the subsequent volley of activity evoked by the appearance of the target can more readily trigger an eye movement, presumably because SC activity is moved closer to whatever threshold is associated with initiating the movement.
Decisions, decisions
The mechanism responsible for transforming targetrelated activity in the SC into a trigger for movements during normal scanning is not yet known. In models of reaction time, it is postulated that some internal signal varies over time and that the movement is triggered when this signal reaches a threshold value. The change in this signal can be described with a simple linear function, which has the advantage of accounting for latency distributions with very few parameters (Carpenter & Williams, 1995; Reddi & Carpenter, 2000) . Alternatively, the change in signal can be described with a more complex model--for example, a diffusion process or a random walk--which can also account for latency distributions and has the advantage of being able to account for errors as well as correct responses (Link & Heath, 1975; Ratcliff, Van Zandt, & McKoon, 1999; Schwarz, 1993) . However, it is unclear what quantity this signal represents and how it might be related to the activity of SC neurons. It seems reasonable to assume that movements can be triggered when some function of SC activity exceeds a threshold value, but what is this function?
Several scenarios come to mind. One possibility is that the relevant signal is absolute firing rate (Fig. 2(A) ). For example, in the frontal eye fields, the variability in saccade reaction times is nicely related to the variability in when neurons reach a relatively constant threshold firing rate (Hanes & Schall, 1996) . In the SC as well, the timing of eye movements can be related to the firing rate of neurons at the appropriate location in the motor map. As mentioned above, many neurons in the SC exhibit changes in firing rate during fixation that are correlated with the latencies of the saccadic (Dorris et al., 1997; Krauzlis, 2003; Sparks et al., 2000) and pursuit (Krauzlis, 2003) movements that follow. In a paradigm requiring the monkey to sometimes withhold an eye movement response, saccade-related neurons fired more when the movements were executed than when they were countermanded, lending support to the idea that saccades are triggered if SC firing rate reaches a critical level but are held in abeyance if it falls short (Pare & Hanes, 2003) .
A second possibility is that the signal is based on the difference in firing rates associated with the possible targets ( Fig. 2(B) ). This approach treats the evaluation of targets as a discrimination task, and borrows the techniques that have been applied to measuring how well sensory neurons in cortex (in particular, neurons in the middle temporal area) are able to discriminate visual stimuli (Britten, Shadlen, Newsome, & Movshon, 1992) . This method has been used successfully to identify when SC neurons discriminate target from distractor stimuli and has shown that the time of neuronal discrimination is related to the reaction times of saccades and pursuit (Krauzlis & Dill, 2002; McPeek & Keller, 2002 ). Another recent study has directly compared neuronal activity and models of reaction (Ratcliff, Cherian, & Segraves, 2003) ; this study shows that the difference in firing rates associated with the alternatives in a twochoice task change over time in a way that is similar to that predicted by a diffusion model, in which the alternatives compete with other, but unlike that predicted by a ''counter'' model, in which evidence for the alternatives accumulates independently.
A third possibility is suggested by a basic distinction between making perceptual judgments and choosing where to look. Unlike perceptual judgments, which depend on a direct comparison between the alternatives, choosing how to orient necessarily involves an additional comparison with the status quo, namely the currently foveated target. For example, in a two-alternative task, there are three goals represented in the SC--the two possible goals defined by the eccentric targets, plus the current goal defined by the foveated stimulus. According to this scenario, the relevant signals controlling reaction time are the firing rates associated with each of the possible eccentric targets, compared to the currently foveated target (Fig. 2(C) ). This approach is closely related to the idea that the SC contains independent motor plans for fixation and saccades and that these compete for dominance via short-range excitatory and long-range inhibitory interactions (Munoz & Fecteau, 2002) . The crucial distinction is that, rather than viewing the activity as the prelude of pre-determined commands to fixate or saccade, the results reviewed above suggest that much of this activity is agnostic about the final motor plan. For example, although neurons in the rostral SC often exhibit elevated activity Fig. 2 . Converting activity in the SC into a trigger signal for movements. The two columns illustrate two stimulus conditions. In the left column, a single target (t) is presented as the monkey fixates a central stimulus (f), and the loci of activity are depicted in a schematic diagram of the two SC. In the right column, two targets (t1 and t2) are presented as the monkey fixates. (A) Schematic firing rates observed in the two stimulus conditions associated with the foveated stimulus (f), and the two targets (t, t1, t2). The dashed vertical line indicates the onset of the stimulus; the solid vertical line indicates the onset of the movement. (B) Schematic decision signal based on the difference in firing rates associated with the possible targets. (C) Schematic decision signal based on the difference in firing rates between each of the possible targets and the foveated stimulus. during fixation, they can also increase their activity during pursuit and for small saccades (Krauzlis et al., 1997) . Thus, referring to these neurons as ''fixation cells'' is misleading, because it presumes a link to a particular motor outcome, whereas the neurons appear to perform the more inclusive function of representing locations on or about the fovea.
The challenge of identifying the decision rule (or rules) employed by the SC for triggering movements remains open. Adding to the difficulty, the SC obviously does not operate in isolation, but acts within a network of cortical and subcortical brain structures. Thus, the action of the SC might be altered or superseded by activity in other places, raising the prospect that the relationship between SC activity and the ultimate trigger signal might not be fixed at all, but instead might change over time and across circumstances.
Despite these problems, the triggering of eye movements provides one of the best opportunities to understand the neural basis of decision-making. One particularly insightful approach introduces the assumption that target-related firing rates are neural estimates of the log likelihood that the target is present (Carpenter & Williams, 1995) . This idea has been adeptly applied to the question of how cortical neurons participate in the process of forming perceptual decisions (Gold & Shadlen, 2001) . A conceptual advantage of this approach is that because the time-varying decision signal and the decision threshold are both measured in units of likelihood, it formalizes the idea that the decision should be triggered when the ''hypothesis'' reaches a particular significance level. Extending this approach to the role of the SC in triggering eye movements, the target selection mechanism might consider which of the possible targets was the most likely, or alternatively, whether any of the targets were sufficiently more likely than the currently foveated stimulus. For example, the decision signal might be based, not just on support for the target hypothesis, but in comparison with support for the already foveated stimulus. This comparison would amount to a likelihood ratio test (Gold & Shadlen, 2001) :
where D is the decision signal, LðH 1 Þ is the likelihood of the eccentric target, and LðH 0 Þ is the likelihood associated with the foveated target. By likelihood, we mean the probability of observing a certain pattern of visual or other inputs given that the hypothesis (H 0 ; H 1 ) were true. In general, likelihood ratio tests are useful for testing whether a more complex model (in this case, that the target is at an eccentric location) provides a better description of the data than the simpler model (that the target is already foveated), because it gives values that are related to common test statistics such as the F test and the v 2 . This decision framework is especially useful in selecting eye-movement targets because visual evidence can be directly combined with knowledge about prior probability and expected reward in evaluating alternative hypotheses (Gold & Shadlen, 2001; Ikeda & Hikosaka, 2003) . In this example, every decision by the SC to select an eccentric target would amount to a rejection of the null hypothesis.
Is it plausible to assume that the SC and related circuits could calculate this statistic? A reexamination of some unit data from the SC hints that it might not be that difficult. The firing rate of SC neurons is modulated by the probability that the target of a saccade will be located within their response field (Fig. 3(A) ) . However, plotting a sample of the data from Basso and Wurtz (1998) on log coordinates shows that the firing rate of these SC neurons might actually be linearly related to the logarithm of probability (Fig. 3(B) ). If this were generally true, then this simplifies the computations that need to be performed at the level of the SC. Because logðA=BÞ ¼ log A À log B, the likelihood ratio test can be rewritten as: The firing rate of SC neurons decreases as the number of potential targets is increased from one to two, four, and eight. (B) Plotting these same data as a function of log probability reveals a linear relationship. Data were adapted with permission from Fig. 4 of Basso and Wurtz (1998) 
where FRðH 1 Þ is the firing rate associated with the eccentric target, and FRðH 0 Þ is the firing rate associated with the foveated target. This suggests, for example, that a decision signal based on a likelihood ratio test could be calculated by subtracting the null-hypothesis-related activity of rostral SC neurons from the eccentric-targetrelated activity of SC neurons located more caudally. This type of operation, albeit with a sign change, might be accomplished in the projections from the SC onto omnipause neurons (Buttner-Ennever et al., 1999; Everling, Pare, Dorris, & Munoz, 1998) .
Attention
As the foregoing discussion illustrates, it now appears that the SC is involved in target selection, in addition to its well-established role in the execution or initiation of saccades. Whether this role in target selection means that the SC is also involved in visual attention, or instead shows the long shadow cast by attention across the motor preparatory circuits, remains unclear. It has long been known that the visual responses of SC neurons are enhanced when the stimulus in the movement field will be the target of a saccade, and this enhancement has been viewed as evidence of modulation by attention (Goldberg & Wurtz, 1972; Robinson & Kertzman, 1995; Wurtz & Mohler, 1976) . The activity of SC neurons can also be strongly modulated by symbolic cues as well as by stimulus probability (Basso & Wurtz, 1998; Kustov & Robinson, 1996) , and the endpoints of saccades evoked by SC stimulation are modified by shifts of attention (Kustov & Robinson, 1996) . These observations are all consistent with an effect of visual attention, but they can also be explained as the result of motor preparatory activity related to saccades that were planned but not executed. Although some recent experiments have employed clever strategies to tackle the problem posed by the possibility of such planned movements (Horwitz & Newsome, 2001) , it falls to future studies to determine whether target selection in the SC is indeed synonymous with visual attention, or is instead a distinct but closely related process along the pathway toward making a move.
Conclusion
Although the SC is best known for its role in the motor control of saccades, it appears to serve a more general function related to evaluating possible targets, defining the goal for orienting movements, and in updating the representation of the goal as the movement is executed. The process by which a target is selected as the new goal may involve the neural equivalent of hypothesis testing, in which the levels of activity at sites within the SC motor map correspond to the likelihood of the possible targets. The details of this process, and how it is related to the mechanisms of visual attention, remain open questions.
